A comprehensive formalism is developed to preserve the gauge invariance of currents describing the photo-or electroproduction of mesons off the nucleon when the final-state interactions of mesons and nucleons is taken into account explicitly. It is found that all contributions due to explicit finalstate interactions are purely transverse and do not contain a Kroll-Ruderman-type contact current. The relation of the present formulation to tree-level-type prescriptions is shown.
I. INTRODUCTION
Gauge invariance is one of the central issues when attempting to describe how photons interact with hadronic systems. Concentrating on the simplest case-pion photoproduction with real or virtual photons, gauge invariance can easily be shown to follow if the πN and γN problems are treated completely and consistently on an equal footing [1, 2] . In practice, however, one often needs to revert to some approximate treatment of one or more of the contributing reaction mechanisms and this usually leads to a violation of gauge invariance. To restore it, the neglected reaction mechanisms must be approximated by auxiliary currents constructed such that the gaugeinvariance-violating contributions to the four-divergence of the total production amplitude are cancelled. Such a procedure cannot be unique, of course, since one may always add arbitrary transverse currents without affecting the four-divergence.
At the tree-level, where one does not resolve the internal mechanisms entering the interaction current (cf. Fig. 1 ), various recipes exist to preserve gauge invariance. The simplest case concerns the choice of bare vertices with pseudovector coupling for the πN N vertex, where the corresponding Kroll-Ruderman contact current [3] follows from the minimal substitution procedure. The case of extended nucleons, whose internal structure is described in terms of (phenomenological) form factors, is treated in Refs. [2, [4] [5] [6] [7] . While the Gross-Riska recipe [4] is somewhat limited since it requires a factorized structure of the form factors, no such restriction apply to the prescriptions put forward in Refs. [2, [5] [6] [7] . In direct comparisons between Ohta's [5] and Haberzettl's [2, 7] prescriptions, the latter is found [7] [8] [9] to provide better agreement with the experimental data.
In the present work, we want to go beyond the tree level and investigate how one can preserve gauge invariance if the internal structure of the interaction current is taken into account explicitly. The reaction mechanisms that enter the interaction current are summarized within the dashed box in Fig. 1 . Specifically, we are interested in preserving gauge invariance in the explicit presence of hadronic final-state interactions. This is achieved by introducing auxiliary currents which cancel the gaugeinvariance-violating contributions. In Sec. II, we show how one can exploit the constraints following from the generalized Ward-Takahashi identities to construct these currents. We summarize and discuss our results in the final Sec. III.
The present discussion is restricted to nucleons and pions only to facilitate the presentation. We do not include here possible resonances or other transition mechanisms since their couplings to the electromagnetic field are transverse and have no bearing on the question of gauge invariance. None of these restrictions are essential, however, and one may easily adapt the present formalism to accommodate more complex situations.
II. GAUGE INVARIANCE
The pion photoproduction current of the nucleon is shown in Fig. 1 [2] . According to the diagrams in the first line of this figure, the total current M µ may be broken up into four main contributions: The three Born terms due to the s-, u-, and t-channel currents stemming from the photon coupling to the three external legs of the πN N vertex, and the interaction current M µ int where the photon attaches itself to an internal leg of the πN N vertex, i.e.,
While the first three contributions are relatively straightforward, the last one-as it is shown in the last two lines of Fig. 1 -explicitly involves the full complexity of the internal reaction dynamics of the underlying πN scattering problem summarized in Fig. 2 . For gauge invariance of the total current M µ to hold true, its four-divergence must satisfy a generalized WardTakahashi identity [1,2,10]
where p and k are the four-momenta of the incoming nucleon and photon, respectively, and p and q are the four-momenta of the outgoing nucleon and pion, respectively, related by momentum conservation p + q = p + k. S and ∆ are the propagators of the nucleons and pions, respectively, with their subscripts denoting the available four-momentum for the corresponding hadron; Q i , Q f , and Q π are the initial and final nucleon and the pion charge operators, respectively. [F x τ ] denotes the πN N vertex (including coupling and isospin operators), with the subscript x labeling the kinematic situation appropriate for the s-, u-, or t-channel diagrams appearing in Fig. 1 . The vertex isospin τ does not commute with the charge operators and τQ i − Q f τ − Q π τ = 0 describes charge conservation at the vertex in a symbolic manner.
Equation (2) is easily obtained from Eq. (1) upon using the Ward-Takahashi identities [11] for the nucleon and pion currents,
where p n and q π are the respective initial hadron momenta of the electromagnetic vertices, and using the fact that for gauge invariance to be true the interaction current must obey [2, 10] 
A. Preserving gauge invariance
As alluded to in the Introduction, the preceding relations can easily be shown to be true if the πN and γN problems are treated consistently on an equal footing [1, 2] . In practical applications, however, approximations are inevitable which usually violate the gauge invariance.
To see how one may preserve gauge invariance in such a situation, let us explicitly write the four-divergence of the interaction current using the relevant parts of Fig. 1 as guidance. One finds
where G 0 = S pn ∆ qπ denotes the product of the intermediate nucleon and pion propagators, with respective four-momenta p n and q π denoting the integration variables, and X is the nonpolar πN amplitude (see Fig. 2 ) which mediates the hadronic final-state interaction; U µ subsumes all meson-exchange currents and m µ bare is the bare contact current.
For gauge invariance to hold true, the bare current must satisfy the condition [2] 
where [f x τ ] denotes the bare πN N vertex the same way the notation [F x τ ] was used above for the dressed vertex. This is the analog of Eq. (4) for the bare current; it is usually satisfied as a matter of course. One of the simplest nontrivial examples is the case of pure pseudovector coupling without form factors, where m µ bare is the KrollRuderman contact current [3] ; see Eq. (13). For pure pseudoscalar coupling without form factors, the preceding equation is trivially satisfied since both m µ bare and the right-hand side of (6) vanish.
Combining now Eq. (5) with the necessary condition (4), and making use of Eq. (6) in the Born terms, produces
as a necessary requirement for gauge invariance to be satisfied. In other words, any approximation of the full reaction mechanisms constructed in such a manner that this condition is satisfied will also preserve gauge invariance as a matter of course.
In view of the arbitraryness of transverse contributions, there are of course infinitely many ways this can be achieved. The prescription we give in the following applies to the simplifying assumption that one completely omits the explicit treatment of meson-exchange currents U µ . However, even if they are taken into account in some partial manner, it is a straightforward exercise to adapt the following formulation to accommodate such situations.
Omitting explicit meson-exchange currents, we maintain gauge invariance by constructing auxiliary currents j µ 0 and j µ 1 which provide the same effect as the mesonexchange currents as far as the preservation of gauge invariance is concerned.
To this end, we make the replacements
and demand that they satisfy
and
Clearly, if these conditions are met, then the production current
will satisfy the generalized Ward-Takahashi identity (2) and therefore it will be gauge invariant. Equations (9) and (10) effectively split the single condition (7) into two, one for the tree-level Born terms and one for the contributions governed by the final-state interactions. However, in view of the approximate nature of both j µ 0 and j µ 1 , this splitting is not restrictive at all. It serves here merely to facilitate the presentation.
To be more specific as to how to implement the conditions (9) and (10), allowing for a mixture of pseudoscalar and pseudovector couplings, let us write the dressed πN N vertex as
where the indices ps and pv stand for pseudoscalar and pseudovector contributions, respectively; G ps and G pv denote the corresponding normalized form factors (with their strength parameters g ps and g pv adding up to the physical coupling constant, g πN N = g ps + g pv ), q π is the four-momentum of the pion, and m the nucleon mass. The bare vertex f is given by the same equation with all G's removed, and the corresponding bare current,
is just the usual Kroll-Ruderman contact term [3] . Equation (9) now reads explicitly
where
(with x = s, u, t) denotes the kinematic situations in which the vertex functions G ps and G pv appear; g is given by the same equation with all G's removed. Note that all the terms containing g in Eq. (14) add up to zero. We may therefore replace g by an arbitrary function F with impunity. Furthermore, using the Mandelstam variables s = (p+k) 2 , u = (p −k) 2 , and t = (q−k) 2 , we may then rewrite the resulting equation as
which allows us to put
Comparing with Eq. (11), note that the last two terms of this gauge-invariance-preserving current cancel the bare Kroll-Ruderman term and replace it by a dressed one, where instead of the pion charge Q π τ , there is now a dressing term G pv,s τQ i − G pv,u Q f τ . This dressing term expresses the pion charge in terms of the nucleon charges modified by hadronic form factors, and, in general, it will be non-zero even if the pion is uncharged. We emphasize that the transition from Eq. (14) to (17) is not unique, of course, since one may add a divergencefree current to j µ 0 without changing the necessary condition (14). In fact, the replacement of g by F may be understood as the addition of a transverse current. At this stage, F is completely undetermined. In the next subsection, when considering the relationship of the present results to existing tree-level approaches, we will discuss some specific choices.
Next, to construct the current j µ 1 , we recall that the gauge-invariant nucleon and pion currents appearing in the u-and t-channel terms of the final-state interaction contribution are given by
respectively, with transverse pieces which follow from demanding the validity of the Ward-Takahashi identities (3), i.e.,
where F 1 and F 2 respectively are the electromagnetic Dirac and Pauli form factors of the nucleon, with κ being its anomalous magnetic moment, and F π is the electromagnetic form factor of the pion. Their four-divergence is given by
Inserting this into Eq. (10), we may then extract the gauge-invariance-preserving current as
Its effect on the final-state interaction part of the production amplitude (11) is seen to simply cancel the bare current and to reduce the u-and t-channel contributions to their respective transverse pieces. The entire contribution from the final-state interaction, therefore, is purely transverse.
B. Relation to Ohta's and Haberzettl's tree-level prescriptions
To make the connection with tree-level approaches, we need to switch off all final-state interactions and put X = 0 in Eqs. (10) and (11) . The conditions to be satisfied, therefore, are Eq. (9) and Eq. (10) in the form
In other words, simply putting j µ 1 = 0 satisfies all gaugeinvariance constraints at the tree level.
Both Ohta's [5] and Haberzettl's [2, 7] prescriptions for preserving gauge invariance can be understood as different choices for the function F in Eq. (17).
Ohta's approach, based on a particular application of the minimal substitution procedure, finds
where the external hadron momenta of the photoproduction current-a four-point function-appear here as the momenta of the πN N vertex-a three-point function.
Since the momenta satisfy q + p = p + k, this mismatch corresponds to an unphysical region of the πN N vertex (which leads to the problems discussed in Ref. [12] ). Only in the infrared limit of k = 0, this mismatch is resolved and then this choice prevents the current (17) from being singular at k = 0. In Haberzettl's prescription, the function F is a linear combination of the three kinematical situations in which the πN N vertices appear in the Born terms, i.e., [cf. Eq.
with coefficients constrained by a s + a u + a t = 1, which may be fixed according to prejudice or used as free fit parameters. In contrast to Ohta's choice, this does not require any unphysical values for the πN N form factors in practical applications, and it also has a well-behaved infrared limit.
III. SUMMARY AND DISCUSSION
We have treated here the electromagnetic production current for mesons off the nucleon for both real and virtual photons. We used the constraints following from requiring the validity of the generalized Ward-Takahashi identities to construct auxiliary current pieces that ensure that gauge invariance is preserved even if-as it is invariably the case in practical applications-one does not treat the problem completely and consistently. The result for the production current M µ obtained here in Eqs. (11), (17), and (21) can be summarized by
where the gauge-invariance-preserving current,
is given via j µ 0 of Eq. (17). As far as the choice of the function F appearing in j µ 0 is concerned, the generally better results obtained with Haberzettl's prescription at the tree-level [7] [8] [9] seem to favor the form given in Eq. (24). We emphasize, however, that other functions are possible and that, in general, as far as gauge invariance is concerned, any current j µ 0 that satisfies the necessary condition (14) is permitted here.
The part describing the hadronic final-state interaction due to X does no longer contain the Kroll-Ruderman contact term since it is canceled by the current of Eq. is reduced to the magnetic σ µν k ν term from Eq. (19a). We emphasize that even though the gauge-invariant production current of Eq. (25) is an approximation to the full dynamics of the problem as summarized in Figs. 1 and 2, it is complete as far as the longitudinal components of the current are concerned. Any additional pieces must be transverse.
Let us repeat once again that the present work was restricted to pions and nucleons merely to simplify the presentation. The concepts developed here are quite general, however. An extension to other baryons and mesons, therefore, is straightforward and easily done along the lines given here. In particular, the fact that the finalstate interaction contributions are purely transverse remains true if one takes into account additional intermediate hadrons (∆, ρ, etc.) since, just as was demonstrated here for the nucleons and pions, only the transverse parts of their respective current operators survive in the finalstate interaction terms.
Finally, let us point out that the present results remain equally valid whether the form factors F and the finalstate amplitude X are obtained via some sophisticated Bethe-Salpeter-type formalism or are based on a simple phenomenological model ansatz. How these elements are obtained does not enter any of the present considerations and therefore has no bearing on the question of gauge invariance.
